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There is hardly a compound which has raised more interest than
water because of its fundamental importance in many biological
and chemical processes.1 Recent investigations on water or ice
include the properties of water clusters, such as (H2O)n (n ) 3-6),2

the structure of water oligomers, for example, (H2O)8 or (H2O)10

in supramolecular crystals,3 low-dimensional water polymers in
supramolecular solids,4 different liquid water phases,5 molecular
dynamics simulations of water freezing,6 of water/ice in hydro-
phobic nanopores,7 of hydrogen bonding and dynamics in bulk
liquid water.8 Despite a myriad of studies water is still not a fully
understood liquid. Here we report a neutron diffraction study of
the molecular structure of water and ice confined in an organic
slit-shaped nanospace. The two-dimensional (2D) ice layers show
the existence of new ice phases with chain segments or eight-
membered and condensed twelve-membered rings. Such phases
have not been seen before in bulk or other low-dimensional ice.
Hitherto experimental9 and theoretical10 studies on 2D ice suggested
mostly a hexagonal honeycomb lattice. Experimental studies on
2D ice usually report a structure at a single temperature, whereas
here the temperature range from 2D water at 278 K down to 20 K
is covered, showing the liquid-solid and a solid-solid-phase
transition.

A 2D layer of water molecules is stabilized between organic
layers of the nickel(II) chelate complexes1. The supramolecular

layer clathrate structure has a slit-width for the water layer of about
3 Å (0.3 nm). Large blocky crystals with dimensions of 4× 3 ×
2 mm3 were grown from the reaction mixture of NiCl2 and
potassium-tris(triazolyl)borate in D2O or H2O.11 Single-crystal
neutron structure investigations were carried out at 278, 263, and
20 K with a D2O-containing crystal.12,13

For each measuring temperature a different space group is found.
The symmetry of the orthorhombic cell decreases fromc-centered
(Cmca) at 278 K14 via centrosymmetric primitive (Pmnb) at 263
K15 to acentric primitive (P21nb) at 20 K.16 Some reflection
intensities were recorded during the cooling and warming of the
crystal (Figure 1). The abrupt change in intensity for the 3 0 1
reflection at 277 K is indicative of a phase transition. Going from
Cmcato Pmnbis a klassengleich (class-equal) transition of type 2

(k2); from Pmnb to P21nb it is a translationsgleich (translation-
equal) transition of type 2 (t2). The phase transition fromPmnbto
P21nb involves the loss of the inversion symmetry element and
leads to merohedral twinning.17

The first phase transition upon cooling occurs close to the
freezing point of H2O (273.15 K, 0°C) or D2O (276.95 K, 3.8°C)
and was shown by differential scanning calorimetry to be at-0.3
°C for 1‚6H2O and at+3.1 °C for 1‚6D2O.18 The change in space
group, that is, the loss of symmetry elements with decreasing
temperature is solely due to an ordering phenomenon in the 2D
water substructure as will be discussed in the following.

At 278 K (5 °C) and above, the water molecules in1‚6D2O
exhibit pronounced disorder (Figure 2a) and interact only weakly
with the surrounding layers of the complex molecules. Of the six
molecules per formula unit four are disordered. The remaining two
are H/D-bonded to the N atoms of the surrounding organic complex
molecules. The disorder is indicative of the expected thermal
mobility and dynamic nature of liquid water. The neutron diffraction
experiment shows a time-averaged picture of the water structure.
Each of four disordered D2O molecules appears spread over three
positions. At any given time only one of these positions will be
occupied. Some of the O atom positions are within hydrogen-
bonding distance of each other. Taking an O‚‚‚O separation of 2.6-
3.0 Å for hydrogen bonding, the 2D water layer can then be seen
as being built-up from different, small D2O clusters containing 2-6
molecules and free D2O molecules.

Liquid 3D water can be modeled as a mixture of H2O clusters
of different sizes and single H2O molecules between the clusters.
In the center of the cluster the H2O molecules are four-fold
coordinated by H-bonds. At the cluster surface the H2O molecules
are involved in only one to three H-bonds. This leads to a dynamic
increase or reduction of the cluster sizes.19 Thus, we see the water
layer in 1‚6D2O at 278 K as close to a 2D liquid phase. This is
further supported by the observed loss of water from the crystal
within minutes when the crystal is taken to an atmosphere not
saturated with water vapor. When localized H-bonds exist to each
water molecule such fast water loss is seldom observed, and there
is also less disorder.
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Figure 1. Relative changes in intensity of selected reflections upon warming
of a crystal of1‚6D2O on the neutron diffactometer.
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Cooling of the crystal through the phase transition at 276 K leads
to a strong increase in order, that is, freezing within the water layer.
At 263 K observation of the individual hydrogen bonds becomes
possible (Figure 2b). The water molecules are organized in kinked
strands composed of rings of eight water molecules. But within
the strands one O and a D atom are crystallographically disordered
over two positions. Considering only one of these positions as fully
occupied, the strands are disrupted, giving either individual rings
of eight molecules or folded-chain segments. The interaction with
the organic environment increases slightly with now two more D2O
molecules (per formula unit) entering into an, albeit very weak,
hydrogen-bonded contact to a nitrogen atom.

At 20 K a fully localized water structure is found. There is no
more disorder. All D atoms form typical hydrogen bonds to other
water molecules or to nitrogen atoms of the complex molecules
(Figure 2c). The water layer is an infinite 2D net of O12 rings with
a dangling D2O molecule. Both low-temperature structures feature
water molecules which are surrounded by two or three other water
molecules. One water molecule has only one D2O neighbor.

Neutron diffraction studies have shown the stepwise freezing of
a dynamic layer of pseudoliquid 2D water. The role of the complex
molecules1 is to provide the geometric constraints for the two-
dimensionality of the water layer substructure; some H-bonding
contacts to the surrounding organic complex molecules are un-
avoidable. The structure of 2D ice layers features novel rings of
eight water molecules or folded-chain segments at temperatures
below the freezing point. At very low temperature an unprecedented
net of condensed irregular rings of 12 water molecules (plus a
dangling D2O) is observed. Both ice layers are different from
hitherto known 2D ice phases which mostly consist of hexagonal
honeycomb lattices.9,10 Our 2D ice layers do not satisfy the

conventional Bernal-Fowler “ice rules”;20 hence, they cannot be
stand-alone solid phases in a vacuum at low temperatures. Ice at
and near the surface, however, has unique properties and reduced
order parameters and is not in a Bernal-Fowler state due to the
specific boundary conditions on the ice surface.21

Acknowledgment. Support by the DFG (Grant Ja466/11-1) and
the FCI is appreciated. Dedicated to Professor Alfonso Castin˜eiras
on the occasion of his 60th birthday.

Supporting Information Available: Crystallographic files for the
structures of 1‚6D2O at 278, 263 and 20 K (CIF). Figures with details
of the water layer at 263 and 20 K, table with hydrogen bond distances
and angles at 263 and 20 K (PDF). This material is available free of
charge via the Internet at http://pubs.acs.org

References

(1) Ludwig, R.Angew. Chem., Int. Ed.2001, 40, 1808. Ohmine, I.; Saito, S.
Acc. Chem. Res.1999, 32, 741.

(2) Nauta, K.; Miller, R. E.Science2000, 287, 293. Gregory, J. K.; Clary,
D. C.; Liu, K.; Brown, M. G.; Saykally, R. J.Science1997, 275, 814.
Liu, K.; Brown, M. G.; Carter, C.; Saykally, R. J.; Gregory, J. K.; Clary,
D. C.Nature1996, 381, 501. Liu, K.; Cruzan, J. D.; Saykally, R. J.Science
1996, 271, 929. Ugalde, J. M.; Alkorta, I.; Elguero, J.Angew. Chem., Int.
Ed. 2000, 39, 717.

(3) Atwood, J. L.; Barbour, L. J.; Ness, T. J.; Raston, C. L.; Raston, P. L.J.
Am. Chem. Soc.2001, 123, 7192. Barbour, L. J.; Orr, G. W.; Atwood, J.
L. Chem. Commun.2000, 859. Blanton, W. B.; Gordon-Wylie, S. W.;
Clark, G. R.; Jordan, K. D.; Wood, J. T.; Geiser, U.; Collins, T. J.J. Am.
Chem. Soc.1999, 121, 3551. Gruenloh, C. J.; Carney, J. R.; Arrington,
C. A.; Zwier, T. S.; Fredericks, S. Y.; Jordan, K. D.Science1997, 276,
1678.

(4) Janeda, S.; Mootz, D.Z. Naturforsch. B1999, 54, 103. Iiyama, T.;
Nishikawa, K.; Otowa, T.; Kaneko, K.J. Phys. Chem.1995, 99, 10075.
Born, M.; Mootz, D.; Schaefgen, S.Z. Naturforsch. B1995, 50, 101.

(5) Johari, G. P.; Hallbrucker, A.; Mayer, E.Science1996, 273, 90.
(6) Matsumoto, M.; Saito, S.; Ohmine, I.Nature2002, 416, 409.
(7) Slovák, J.; Koga, K.; Tanaka, H.; Zeng, X. C.Phys. ReV. E 1999, 60,

5833. Koga, K.; Gao, G. T.; Tanaka, H.; Zeng, X. C.Nature2001, 412,
802.

(8) Luzar, A.; Chandler, D.Nature1996, 379, 55. Ohmine, I.J. Phys. Chem.
1995, 99, 6767. Vedamathu, M.; Singh, S.; Robinson, G. W.J. Phys.
Chem.1994, 98, 2222.

(9) Albert, A.; Mootz, D.Z. Naturforsch. B1997, 52, 615. Morgenstern, M.;
Müller, J.; Michely, T.; Comsa, G.Z. Phys. Chem.1997, 198, 43. Dahlems,
T.; Mootz, D.; Schilling, M.Z. Naturforsch. B1996, 51, 536. Park, K.-
M.; Kuroda, R.; Iwamoto, T.Angew. Chem., Int. Ed. Engl.1993, 32, 884.

(10) Silverstein, K. A. T.; Haymet, A. D. J.; Dill, K. A.J. Am. Chem. Soc.
1998, 120, 3166. Koga, K.; Tanaka, H.; Zeng, X. C.Nature2000, 408,
564.

(11) Janiak, C.Chem. Commun.1994, 545. Janiak, C.Chem. Ber.1994, 127,
1379.

(12) Thermal-neutron beam (λ ) 1.3143 Å) instrument D19 at ILL equipped
with a 4× 64° position-sensitive detector. The crystal (dimensions 4.1×
3.8 × 2.0 mm3) together with some mother liquor was sealed in a glass
capillary, mounted on an Al pin in a Displex cryorefrigerator. The
reflections to a 2- θ value of at least 50° were then measured withω
scans in equatorial geometry and at higher angles with normal beam
geometry. Intensities were corrected for absorption using the crystal
dimensions. Formula of1‚6D2O C12H14B2D12N18NiO6, (610.77 g‚mol-1).

(13) Deuterium and hydrogen have very different neutron scattering length
(+0.68 and-0.36× 10-14 m, respectively) with that of D being surpassed
by only a few other nuclei. Deuteration also greatly reduces the incoherent
scattering. Bacon, G. E.Neutron Diffraction; Clarendon Press: Oxford,
1975.Chemical Applications of Thermal Neutron Scattering; Willis, B.
T. M., Ed.; Oxford University Press: Oxford, 1973.

(14) Orthorhombic,Cmca, a ) 10.890(7) Å,b ) 21.000(1) Å,c ) 11.754(3)
Å, V ) 2688(3) Å3, Z ) 4, Dc ) 1.509 g‚cm-3, R, Rw 0.0666, 0.1534 for
1633 independent reflections withI > 2σ(I).

(15) Orthorhombic,Pmnb, nonstandard setting ofPnma, a ) 10.852(2) Å,b
) 20.919(3) Å,c ) 11.696(1) Å,V ) 2655.0(6) Å3, Z ) 4, Dc ) 1.563
g‚cm-3, R, Rw 0.0503, 0.1132 for 2048 independent reflections withI >
2σ(I).

(16) Orthorhombic,P21nb, nonstandard setting ofPna21, a ) 10.755(1) Å,b
) 20.736(2) Å,c ) 11.587(2) Å,V ) 2584.0(5) Å3, Z ) 4, Dc ) 1.570
g‚cm-3, R, Rw 0.0285, 0.0667 for 2881 independent reflections withI >
2σ(I).

(17) Bärnighausen, H.MATCH, Commun. Math. Chem.1980, 9, 139.
(18) Perkin-Elmer DSC 7 under nitrogen atmosphere. The crystal surfaces were

carefully dried before the thermal analysis.
(19) Scheraga, H. A.Acc. Chem. Res.1979, 12, 7.
(20) Bernal, J. D.; Fowler, R. H.J. Chem. Phys.1933, 1, 515.
(21) Ryzhkin, I. A.; Petrenko, V. F.Phys. ReV. B 2002, 65, 012205.

JA0274608

Figure 2. Two-dimensional infinite water/ice layers in1‚6D2O from a
neutron diffraction study at (a) 278 K, (b) 263 K, and (c) 20 K.
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